One very important problem of future high-power colliders, such as the muon collider, is to create an effective and reliable target system that is able to withstand a harsh environment and generate effective high-flux muon beams. Liquid metal jets (pulsed or continuous) are proposed as potential target candidates. Such a proposal poses two critical problems: penetration of a free liquid jet inside the required strong inhomogeneous magnetic field (20 T) and the fragmentation of liquid due to the intense sudden heating by the proton beam and the resultant magnetohydrodynamic instabilities. In this study, we analyzed the dynamic motion of a free liquid metal jet entering a strong inhomogeneous field by using a new two-dimensional numerical model implemented in the HEIGHTS package for arbitrary jet parameters.
INTRODUCTION
To realize a p+p-collider, high-Z targets are necessary [l]. Solid targets made from tungsten, platinum, or lead would be a good choice, but the heat load ccvld not be easily removed and the stresses from thermal-shock wave propagation can seriously damage the target. Therefore, more sophisticated targets, such as a tungsten powder flow or rotating band, are suggested [I] . Rapidly flowing liquid metal targets have been considered an option because the heat energy can be removed along with the moving liquid [ 11. Theoretical and experimental studies of liquid metal target flow in magnetic field are underway.
There are mainly three important problems of using liquid metal targets in these environments. First, as the liquid jet penetrates the magnetic field of the cylindrical coil, perturbations in jet motion and deceleration can because of the large field gradients at the entrance and exit of the solenoid and because of J x B forces [Z].
Second, during the intense pulse of energy deposited in a short time (a few ns), the strong resultant stress waves could damage the target and adjacent components [3] . Third, the liquid jet can develop instabilities during both liquid motion in the strong inhomogeneous magnetic field and after beam energy deposition because of RayleighTaylor and magnetohydrodynamic (MHD), balloon mode, instabilities. These instabilities can change the jet shape into a significantly less efficient target for pion production. Tolerance to capillary instabilities can be achieved by an improved nozzle shape that has been proved experimentally for lithium and water jets [4].
BEAMA'ARGET SYSTEM
The parameters of the proton beam and solenoid coil system are determined by the required conditions of pion and muon production rates [l] . Basic system parameters consist of a proton energy E,, = 16 GeV, number of The required jet velocity V is determined by two conditions: first, V should be high enough to remove the energy deposited by the proton beam, and second, it should be high enough to overcome the deceleration force k = E x i ] . For a mercury jet with & = 0.5 cm, the radial Reynolds magnetic number Re = 4noVR I( c L ) << 1 ; thus, the magnetic field of the induced current can be neglected but the force F from the induced electric field E and corresponding current j, where should be taken into account.
The jet motion along the r-direction leads to jet compression that tends to instantly establish an equilibrium pressure at any z with a distribution Pr(z, r). 
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This pressure leads to the first deceleration force "8-pinch effect" [3] ; r F, =-V z r P (r,z), <(r,z) = jpF,dr
Pr(r,z) has a maximum absolute value Pmax at a distance near both the coil entrance and exit, which determine the minimum velocity necessary at the axis to overcome this pressure. For a stationary flow, it is possible to define flow " potential" Y as
The solution of the Bernoulli equation
predicts the evolution of the jet velocity streamlines coming at various distances R, from the axis, as shown in 
NUMERICAL SIMULATION
The MHD equations of jet motion are fully solved by using a two-dimensional hybrid Eulerian-Lagrangian numerical scheme implemented in the HEIGHTS package [5-61. Calculations were made for various values of jet velocity, radius, and magnetic field. Figures 3 and 4 show the axial velocity and streamlines for a mercury jet with initial velocity VO = 20 d s , Bo = 20 T, and RO = 0.5 cm (basic design). Figure 5 shows the dependence of velocity loss AV on minimum velocity Vmb. ratio of maximum outgoing radius to incoming radius W Ro, and the parameter AVR. 
CONCLUSIONS
The main problems of liquid metal jets penetrating a strong field are velocity loss and jet radius oscillation. As indicated from analytical estimates that are confirmed by detailed numerical calculations, the magnitudes of the braking forces Fr and FZ are determined by the magnetic field near the jet surface.
Decreasing the magnetic field strength leads to decreasing oscillations of the jet radius and velocity loss.
Increasing jet velocity leads to increased induced electric field, corresponding current, and stopping forces. Although the velocity loss AV increases with V, (e.g., from 20 m / s to 25 d s ) , the relative velocity loss{= AV/V, decreases from -1 to 0.5 and leads to decreasing relative changes in jet radius = AI? / R, = 5 .
Oscillations ofjet radius decrease with initial jet velocity.
A decrease in jet radius means a decrease in the radial magnetic field acting on the jet; thus, the absolute (AV = 6.5 mls) and relative (5 5 3%) velocity loss decrease as do relative changes in jet radius (6 < 3%). These values seems reasonable for the current optimized parameters with R, = 0.5 cm, V, = 20 m/s, and beam radius R, = 0.15 cm.
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